Future neutrino detectors will obtain high-statistics data from a nearby core-collapse supernova. We study the mixing with eV-mass sterile neutrinos in a supernova environment and its effects on the active neutrino fluxes as detected by Hyper-Kamiokande and IceCube. Using a Markov Chain Monte Carlo analysis, we make projections for how accurately these experiments will measure the activesterile mixing angle θs given that there are substantial uncertainties on the expected luminosity and spectrum of active neutrinos from a galactic supernova burst. We find that Hyper-Kamiokande can reconstruct the sterile neutrino mixing and mass in many different situations, provided the neutrino luminosity of the supernova is known precisely. Crucially, we identify a degeneracy between the mixing angle and the overall neutrino luminosity of the supernova. This means that it will only be possible to determine the luminosity if the presence of sterile neutrinos with θs 0.1
I. INTRODUCTION
When a star with a mass greater than approximately eight solar masses reaches the end of its life, it collapses under its own gravity, leaving behind a neutron star or a black hole. This collapse is called a supernova (SN), and leads to the production of as many as 10 57 neutrinos in around ten seconds, some of which come from electron capture onto protons but the majority of which are produced thermally from the hot core of the collapsing star [1] . Three decades ago SN1987A provided the only detection of neutrinos from a core-collapse supernova to date, despite the fact that the explosion took place outside the Galaxy in the Large Magellanic Cloud at a distance of around 50 kpc and that neutrino detectors were then in their relative infancy. We expect at least a few galactic supernovae per century [2] , and so when the next one occurs, large neutrino detectors like Super-Kamiokande (or Hyper-Kamiokande) [3, 4] and IceCube [5] will be able to record high-statistics data of the supernova neutrino spectrum [6, 7] .
All predictions for the spectrum of supernova neutrinos come from simulations [8] . These depend sensitively on the complicated physics of a core-collapse event, and also on the properties of the progenitor star, introducing uncertainty into our expectation of quantities such as the average neutrino energy and the total neutrino luminosity. These simulations also depend on neutrino physics, for example the ordering of neutrino masses and the potential existence of additional neutrino species, called sterile neutrinos, which mix only a tiny amount with the known active flavours and do not interact with matter. It is the effect of these sterile neutrinos which we focus on in this work.
Short baseline neutrino oscillation experiments such as LSND [9] , MiniBooNE [10, 11] , reactor experiments [12] , and gallium source experiments [13] [14] [15] may hint at the existence of a third mass splitting on the eVscale. Since LEP Z 0 decay measurements are consistent with only three active neutrinos [16] , an additional light fourth neutrino flavor must be sterile. Other similar experiments have observed null results. Global fits employing three active neutrinos and one sterile neutrino, called 3+1 models, are still able to accommodate all available data [17] . New short baseline experiments will give a definitive answer on the existence of sterile neutrinos connected with these anomalies [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] .
The existence of a sterile neutrino state could have significant effects on a SN environment such as enhancing the neutron abundance and allowing the production of heavy elements [32, 33] or suppressing the neutronization burst for the inverted mass ordering [34] . In this paper we investigate how an additional light sterile neutrino would change the observed neutrino flux and spectrum from a future nearby supernova in Hyper-Kamiokande and IceCube, given that we do not know precisely the expected spectrum for the active neutrinos even in the case where sterile neutrinos do not exist.
We make projections for how well experiments, such as Hyper-Kamiokande or IceCube, will be able to constrain or measure the mixing angle between sterile and active neutrino states, after observing the neutrino burst from a galactic supernova. We focus on the effect of our uncertain knowledge of the spectrum of the active flavours from a supernova burst on our ability to constrain such sterile states. In the next section we will describe the production of neutrinos in supernovae as well as their mixing and behaviour as they leave the star. We explain the assumptions we have made and present some consistency checks with regards to our approach. We then consider the detection of these neutrinos once they arrive at Earth with the proposed detector Hyper-Kamiokande and the Ice Cube detector at the South Pole. Finally we discuss what can be learned about sterile neutrinos with such observations.
II. NEUTRINO PRODUCTION AND FLAVOUR CONVERSION IN SUPERNOVAE
During a supernova core-collapse, the large amount of gravitational energy released is enough to heat the stellar matter to temperatures exceeding 10 MeV. Neutrinos are produced during collapse both by beta and thermal processes [35] . The most important beta-processes are electron capture by nuclei or free protons, which occur early in the supernova lifetime during the neutronisation burst:
(1) This is followed by thermal production of all neutrino flavours. Significant thermal emission processes are pair annihilation of e + e − pairs, nucleon-nucleon bremsstrahlung and plasmon decay:
Neutrinos propagating in matter are subject to a potential due to the coherent forward elastic scattering with the particles in the medium [36] :
These interactions give rise to a potential for each neutrino flavour [37] :
Here N e , N n and N νe are the number densities of electrons, neutrons, and electron neutrinos minus the number densities of their antiparticles, respectively. The subscript x stands for both µ and τ flavours. The effective potential for sterile neutrinos is zero and for antineutrinos Vν α = −V να . Since µ and τ neutrinos and antineutrinos are produced exclusively in equal quantities by thermal pair production in a supernova there are no net contributions to equation (4) that depend on N νµ and N ντ . The flavour neutrino states, ν f ≡ (ν e , ν µ , ν τ , ν s )
T evolve according to
Here U = R 34 R 24 R 14 R 23 R 13 R 12 is the 3+1 mixing matrix where each R ij is a rotation matrix through angle θ ij in the ij plane,
) is the mass matrix and V = diag(V νe , V νµ , V ντ , V νs ) is the potential matrix.
Interactions in matter modify the mixing of neutrinos, which can be large even if the mixing angle in vacuum is small. At any instant the effective Hamiltonian H in equation (5) can be diagonalised by a unitary transformation and the neutrino propagation is then described with respect to the instantaneous mass eigenstates of the Hamiltonian in matter ν m ≡ (ν 1m , ν 2m , ν 3m , ν 4m )
T :
where E i are the eigenvalues of the Hamiltonian. The matrix U m has the same form as U but the vacuum mixing angles are replaced by the mixing angles in matter. Thus in a varying density medium the mixing angles change at every instant.
The evolution equation can be written in the basis of the instantaneous eigenstates as
If density changes slowly enough then the transitions between instantaneous eigenstates ν im are suppressed and the change of flavour follows the density variations i.e. we have adiabatic conversion [38] . This is the MSW effect [39, 40] , which was used to successfully explain the solar neutrino problem [41] . Whenever two diagonal terms of the Hamiltonian written in the flavour basis (equation (5)) are equal, there is a resonance. At these points the difference between the energies of the mass eigenstates is minimised and the propagation reaches its lowest adiabaticity. If the propagation is adiabatic at the resonance, it will then also be adiabatic elsewhere. To quantify the adiabaticity at resonance we assume a 2 × 2 factorization of dynamics and use the Landau-Zener approximation [42, 43] . In this approximation, the probability for transitions between two eigenstates i and j ("jumping probability") is:
with resonance width
and oscillation length at resonance
In the adiabatic limit this probability P jumping is zero. Table I lists the resonances that can occur in a SN environment due to active-active and active-sterile mixings. We have used the matter densities from the simulation of an 8.8 M supernova by the Garching group [44] , under the assumption that the supernova occurs 10 kpc from Earth. These data provide the doubly differential neutrino distribution in energy and time without any adiabatic conversion. The differential flux of neutrinos of a given flavour is given by:
where
, E ν is the average neutrino energy and dN ν /dt it the total flux. These simulated data files include the radial profiles of properties such as density, particle abundances and average neutrino energies in 0.1 second intervals. At each resonance we use the simulated profiles to calculate the jumping probability (8) .
At small radii, where most of the neutrinos are produced, the matter potential, which is diagonal in the flavour basis, dominates and so the flavour eigenstates coincide with the mass eigenstates. During the adiabatic propagation the flavour composition of each mass eigenstate follows the density variations. Figure 1 shows the eigenvalues E i of the mass eigenstates in matter for normal mass ordering as neutrinos propagate from the production region at small radii to the vacuum of empty space. In this figure we assume that all resonances in Table I occur and are adiabatic. The right-hand (left-hand) side of figure 1 represents neutrinos (antineutrinos). For example, the electron neutrinos produced in the inner regions of a supernova are essentially composed of the mass eigenstate ν 4m . Since the propagation is adiabatic, there is no transition between mass eigenstates at the resonance R es and the flavour content of ν 4m follows the changes in density until it is mostly sterile in vacuum.
Neutrinos are produced in a coherent combination of mass eigenstates. Over a distance L, the separation between two wavepackets corresponding to two mass eigenstates with a given energy E ν and mass difference ∆m 2 due to different group velocities is [45] : 
with F i the mass eigenstates fluxes and U αi the extended neutrino mixing matrix.
As an example we now show the calculation for antineutrinos in the normal ordering case. At small radii, where the majority of neutrinos are produced, the fluxes in the mass basis (left-hand side) are related to fluxes in the flavour basis (right-hand side) as
We naturally set F 0 νs = 0 as there is no initial flux of sterile neutrinos. On their way out of the stellar matter all antineutrino mass eigenstates butν 1m pass through resonances. At the resonance R µs there is a probability p Rµs that the transitionν 2m ↔ν 3m occurs:
After that a similar situation takes place at resonance R τ s , where the transitionν 3m ↔ν 4m may happen with probability p Rτs :
In the adiabatic limit all jumping probabilities are zero and from equation (14) theν e flux on Earth, which is most relevant to Hyper-Kamiokande and IceCube, becomes
instead of
in the case without mixing with sterile neutrinos. The mixings θ 14 = θ 24 = θ 34 = 10
• would imply a 30% decrease on the flux.
The calculation of the neutrino flux, in the presence of sterile flavours, can be complicated by feedback effects. The electron abundance is set by the following reactions and its reverse processes:
At resonance R es electron neutrinos are converted to sterile neutrinos. The conversion probability depends on N e = n e − − n e + and its derivative at the resonance position. The depletion of electron neutrinos and the unchanged number of electron antineutrinos lower N e for r > r Res and the potential gradient becomes steeper. Therefore the R es , R eµ and R eτ conversions, which explicitly depend on N e , become less adiabatic [46] . This effect also increases the neutron abundance, which can be important for the propagation of antineutrinos. However, the resonances R µs and R τ s take place before R es so we can safely neglect feedback effects for antineutrinos. Since the main detection channel on Hyper-Kamiokande and IceCube is electron antineutrinos, our analysis on SN fluxes is not significantly affected by feedback effects. Experiments where electron antineutrinos is not the dominant channel, such as liquid argon experiments (e.g. DUNE [47] ) or future very large dark matter detectors (e.g. DARWIN [48] ), would be highly sensitive to such feedback effects. Comparison of the signals obtained in different experiments would be a way to learn the utmost from a future galactic supernova. 
• . The active-active resonances occur further at lower densities.
At the large densities of a supernova core neutrinos are not able to stream freely. The neutrinosphere is defined as the approximate shell from where neutrinos of energy E ν can escape without substantial further diffusion. Analytically we can define it as the radial position R ν (E ν ) where the optical depth is unity:
Here λ = ( i n r,i σ i (E ν )) −1 is the mean free path for neutrinos, with n r,i the number density of target particles of species i and σ i (E ν ) the corresponding interaction cross section with matter. Because of the E 2 ν dependence of the low-energy scattering cross section on nucleons, there is a separate neutrinosphere for each neutrino energy.
If a resonance occurs inside the neutrinosphere there might be replenishment of active states, making the problem more difficult to treat [49] and a dedicated investigation is needed. For the parameters under consideration in this work all resonances occur outside the neutrinosphere (see Figure 2 for an example). Larger mass splittings correspond to resonances in higher density regions, where the potential is larger. For keV-scale sterile neutrinos, an interesting case for dark matter studies, the resonances associated with active-sterile mixing occur inside the neutrinosphere [49] .
From equation (13) we see that a fraction of the events, related to the heaviest state, will arrive at the detector delayed by:
For keV-scale sterile neutrinos this delay is in the order of an hour, in contrast to miliseconds for the eV-scale case. This feature would be useful to determine the mostly sterile state mass, but in our case we neglect it as a millisecond delay is not easily observable.
III. DETECTION
We assume that when the next SN burst is observed in our Galaxy, the largest neutrino detectors will be HyperKamiokande and IceCube. The SN neutrinos travelling through water or ice interact dominantly through inverse beta decay reactions on free protons (ν e +p → n+e + ) and Cherenkov light is generated by the secondary positrons, which is then observed by photomultipliers. Free protons means hydrogen nuclei, and not the protons in oxygen, for which nuclear binding effects suppress interactions at low energies.
Event-by-event energy information will be achievable in Hyper-Kamiokande. IceCube, on the other hand, is designed to reconstruct interactions of neutrinos with energies above ∼ 100 GeV. The spacing between photomultipliers of 17 m vertically and 125 m horizontally means they cannot reconstruct the Cherenkov rings of individual MeV neutrino interactions. However, having a low dark noise and a huge amount of interactions allows for the detection of O(10 MeV) neutrinos from galactic core collapse supernovae from the collective rise in all photomultiplier rates on top of the dark noise [50] [51] [52] .
The total cross section for inverse beta decay is
where m p is the proton mass, and the energy of the detected positron is E p = (E ν − 1.3 MeV)(1 − E ν /m p ) [53] . This approximation is very accurate at low energies (E ν ≤ 60 MeV) thus can be safely used for supernova neutrino analyses [54] .
Hyper-Kamiokande is planned to have a total mass around 0.3 to 0.5 Mton [4]. For a neraby SN explosion we can consider the total mass of the detector as fiducial due to the large number of events in a short amount of time. Icecube's lattice of photomultiplier tubes monitor a volume of approximately a cubic kilometer in the deep Antarctic ice. A fair comparison in terms of statistical accuracy is needed given the different observation method in IceCube. A study of the initial 380 ms of the burst in the Lawrence Livermore 20 M SN simulation at a distance of 10 kpc would require a 0.45 Mton background free detector to statistically compete with IceCube [52] .
Our estimate for the detection rate in IceCube follows ref. [55] . We have also included DeepCore's 360 photomultipliers with a 35% larger quantum efficiency [56] . Kamiokande can measure the energy spectrum while IceCube can only tell us the total flux. An example of the expected neutrino spectrum from a supernova in Hyper-Kamiokande shown in figure 3 . The flux of active neutrinos is reduced due to mixing with the sterile flavour, but this can be compensated by changing the total luminosity of the neutrino burst. Hence we expect that uncertainties in the measurement of the SN flux will introduce systematics into measurements of the sterile neutrino properties.
IV. RESULTS
In this section we look at how well Hyper-Kamiokande and IceCube will be able to measure the flux of neutrinos from a galactic supernova. In order to properly account for the degeneracies between the overall flux and the presence of sterile neutrinos in the spectrum, we perform a Markov Chain Monte Carlo (MCMC) analysis over parameters on which the SN flux depends. In this way we hope to find out if the presence of eV sterile neutrinos can be inferred from the measurements of a 10 kpc distant supernova at Hyper-Kamiokande and IceCube given the uncertainties of the physics of supernovae. For the sterile neutrinos we have two free parameters: the mixing angle θ s , which is assumed to be the same for every activesterile mixing (θ s = θ 14 = θ 24 = θ 34 ) and the additional mass splitting ∆m 41 . For the properties of the supernova itself we consider uncertainties on the total flux and the average neutrino energies. We implement this using two parameters, which are the ratio of each of these quantities to the values obtained in the Garching simulation FIG. 4 . Two dimensional posterior distributions at 68% confidence (yellow) and 95% confidence (blue) for Hyper-Kamiokande, comparing the best-fit active-sterile mixing angle to the uncertainty on the supernova neutrino luminosity for scenarios A to D, from left to right. Red points mark the fiducial values for each scenario. In all cases Hyper-Kamiokande is able to reconstruct the fiducial parameters, but independent measurements will be required to break the degeneracy between luminosity and mixing angle. [44] . For IceCube we do not scan over the average energy, as the neutrino spectrum can not be measured, but instead we have an additional parameter for the quoted systematic uncertainties for the detector itself.
Each of these parameters has associated with it a prior distribution, which represents how well each of these parameters are known before the analysis is performed. For the sterile neutirno parameters we use log-flat priors, while for the other parameters we use linear flat priors. After the analysis the MCMC combines these priors with the likelihood from the simulated data to give the posterior distribution. This gives us the preference the data has for particular combinations of the four parameters in our fit, and makes it easy to see any degeneracies between these parameters.
Since we do not know whether sterile neutrinos exist, or their properties if they do, we consider different scenarios. Table II shows the four scenarios considered in this work, written in terms of the global fit parameters for the controversial neutrino anomalies: θ s = c 1 × 8.13
• and ∆m 41 = c 2 × √ 1.7 eV. It is not important for our analysis if the current hints of sterile neutrino anomalies go away, we merely use them as benchmarks to study the sensitivity that Hyper-Kamiokande and IceCube will have to sterile neutrinos. The four cases we consider, laid out in table II, correspond to global fit to short baseline experiments (A), small active-sterile mixing angle (B), small mostly sterile state mass (C) and no mixing with sterile neutrinos (D). A feature that can be seen in all scenarios is that Hyper-Kamiokande can provide a precise measurement of a nearby supernova temperature. Most of the observed events come from the inverse beta decay, which is sensitive to the average neutrino energy (σ ∝ E 2 νe ). A comparison of all four scenarios for the sterile neutrino mixing angle and supernova luminosity in shown in figure  4 , with the full results in Appendix A.
For scenario A ( Figure 5 ) the reconstructed supernova flux is bimodal meaning Hyper-Kamiokande will observe a flux of neutrinos which is consistent with two different physics situations. The first is a supernova with an actual lower absolute luminosity, compared with that from simulation. The second situation is that the overall luminosity is suppressed due to adiabatic conversion into sterile neutrinos. A precise determination of the expected flux without active-sterile mixing is needed to break this degeneracy. The mass splitting ∆m 41 can be determined to be on the eV scale, and the probability distribution is peaked relatively close to the true value of ∆m 41 = 1.3 eV. It is difficult to tell between zero mixing angle and 8.13
• mixing angle, but mixing angles between those two values are clearly disfavoured. While all the parameters are not reconstructed brilliantly, the two acceptable regions, with and without mixing, are nicely separated. In particular, the presence of a sterile neutrino would reduce the reconstructed luminosity by nearly 30% so that if it were possible to estimate the total luminosity in neutrinos at that accuracy, the effects of sterile neutrinos might be relatively easy to see.
Scenario B (figure 6) has a smaller mixing angle but the same eV scale mass. Again the reconstructed parameters are consistent either with a smaller luminosity and a small mixing angle or a larger luminosity with a larger mixing angle but the best fit cloud is not well separated into two distinct regions. When one reconstructs the flux in this situation, a very low mixing angle is consistent with a luminosity which is only 15% different from the true value, hence a better estimate of the supernova luminosity would be required to spot the presence of the sterile neutrino.
Scenario C (figure 7) corresponds to a lower mass sterile neutrino. It is clear that the fit is only consistent with the correct luminosity if one assumes the right level of mixing, although one would need an estimate of the overall luminosity from another method with roughly 5% accuracy in order to tell the difference between having a sterile neutrino and no sterile neutrino.
Scenario D (figure 8) corresponds to no mixing with sterile neutrinos. We place a tight constraint on the presence of sterile neutrinos, again assuming that we have an independent constraint upon the overall luminosity of the supernova explosion. Hyper-Kamiokande can reconstruct the supernova neutrino luminosity and average energy with only a one or two percent error, which is extremely impressive, but requires knowledge of the sterile neutrino properties.
What is clear from all figures is that without a precise knowledge of the expected luminosity of the supernova neutrino burst, it is very difficult to place a constraint on the existence of sterile neutrinos. Conversely, without knowing whether sterile neutrinos exist and mix with the active flavours, we can not make an accurate measurement of a supernova neutrino luminosity.
Our analysis of the IceCube data leads to a less precise measurement of the parameters of the supernova, as shown in figures 9, 10, 11 and 12. In particular our analysis shows IceCube underestimating the total flux of the supernova by a significant factor so that while it gives an excellent order of magnitude detection of the luminosity, it is not precise enough to exclude or detect the effects of new physics. We have done an extremely simple analysis and it would be very interesting to see if the IceCube collaboration themselves could do a better job of reconstructing more accurate parameters.
V. CONCLUSIONS
In this work we have examined how well one can reconstruct various parameters associated with a supernova explosion with and without a sterile neutrino that couples to all the flavours of neutrinos equally. We estimated how accurately the Hyper-Kamiokande and IceCube experiments will be able to measure the luminosity and the average temperature of the neutrino flux from a future galactic supernova burst.
We focused on electron antineutrinos, for which feedback effects can be safely neglected. This is because their resonance occurs before the electron abundance is altered due to feedback. This is fortuitous, especially since Hyper-Kamiokande is particularly sensitive to electron antineutrinos.
Our main result is that the mixing angle and the mass of the sterile neutrino can be obtained by analysing the spectrum of neutrinos coming from the supernova, provided that the supernova burst is well understood beforehand. This means that a precise knowledge of the expected neutrino luminosity is required to break the degeneracy between active-sterile mixing and supernova luminosity. This is shown in figure 4 for HyperKamiokande. For IceCube the lack of information on the spectrum of the neutrino burst makes the measurement more difficult, resulting in less precise constraints. It is extremely interesting to consider which kinds of observations would provide information about the overall neutrino rate, so that these degeneracies between luminosity and new physics could be broken. In particular future large dark matter detectors such as DARWIN [48] (and possibly Argo [57] ) should be able to detect neutrinos via coherent nuclear scattering. Since this detection method would be sensitive to the flux of all active neutrinos, it would provide new information which might constrain sterile neutrino scenarios more effectively. Unfortunately knowledge of the impact of a sterile neutrino within a supernova simulation including feedback effects would be required in order to make reliable estimates of the expected flux of the neutrino species other than antineutrinos. Since we cannot estimate the relevant neutrino fluxes from the existing simulations in a selfconsistent way we have been unable to include such detectors in our analysis.
Whatever the complications it is clear from this work that if Hyper-Kamiokande is operating when a supernova goes off in the relatively local Galaxy, we will learn a huge amount about the astrophysics taking place during these incredible events and also at the very least place important constraints on beyond the Standard Model particle physics.
